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INTRODUCTION
Radiolytic hydrogen and oxygen produced in the aqueous homogeneous reactor can be recombined in the high pressure -gas phase on a solid catalyst, thereby greatly minimizing the amount of gas and liquid which must be let down and subsequently pumped back to high pressure.
Recent work on the forced-circulation high pressure recombiner established mass transfer rates, demonstrated a suitable catalyst-catalyst support, and established that explosions can be prevented. 1 The natural circulation recombiner was built to test the feasibility of operation on a natural convection cycle, which eliminates the complication of a pump-ejector combination or high pressure blower for moving the gas. Also, Inconel was used as a primary material of construction* Primary objectives of the natural circulation loop were:
(1) Determine the general characteristics of such a system, e.g., steady state knallgas concentration, necessity for excess oxygen, relationship among saturation temperature, bed outlet temperature, cooler outlet temperature, gas flow rate, etc.
(2) Observe the control characteristics of the system. (1) Demonstrate that Inconel is a satisfactory material of construction for the environment: KOH, steam, Hg, and Og at 300 -350°c.
(2) Continue the exposure of a modified 430 stainless steel (Croloy l6-l) and alloys of zirconium and titanium.
(3) Demonstrate the long-term reliability of the platinized mesh catalyst.
GENERAL DESCRIPTION -OPERATION AND CONTROL
Operation Figure 1 shows the entire high pressure system, consisting of a natural convection loop of 2 in. Inconel pipe welded to a boiler fabricated from 6 in. Inconel pipe. Immediately below the boiler are twin electrolytic cells, fabricated of nickel-plated carbon steel pipe, which generate up to 1 scfm of stoichiometric 2R~2 + O2 (knallgas) from 8-15$ KOH solution. Knallgas rises from the cells, through the boiler liquid, into the continuous gas phase where it mixes with the recirculating stream of superheated steam, unreacted knallgas, and excess oxygen before entering the recombiner bed. In passing through the 9 in. long catalyst roll of platinized stainless wire mesh, part of the knallgas recombines to produce an effluent mixture at an elevated temperature. Air coolant h on the second leg of the cycle increases the gas density within the leg to provide a driving force for convection. Figure 2 depicts the control instruments used, and their functions. Three Minneapolis-Honeywell controllers of 400°C range controlled electrical heat input to the boiler and the superheater, and regulated the cooling air. Safety interlocks provided automatic loop shutdown when temperature, pressure, amperage, or liquid level moved outside specified limits. See Appendix A.
Control

Start-up
With the loop filled as indicated in Figure 1 , the system was evacuated, the boiler was brought to about 310°C, and oxygen was injected to the desired partial pressure (generally about 20 psia). The cooler was set to control the cooler effluent at 2 to 5°C superheat, while the superheater was cut in at a nominal rate of 1.4 kw. When the system temperatures stabilized, knallgas generation was begun at about 250 amperes and increased rapidly to 1750 amp in steps of 250 to 500 amp. Pressure increase, after each increase in amperage, was allowed to "peak" before each succeeding increase. When catalyst bed outlet temperature reached 350°C, control of electrical input to the superheater was changed to automatic to maintain the outlet temperature at this value. At 1750-1800 amperes and above, no electrical superheat was required to maintain the catalyst bed outlet temperature at 350°C or above.
RESULTS
Operation of the natural circulation recombiner for over 2500 hrs demonstrated the general reliability of the system. Early operation of the loop was limited by boiler heating capacity and by air coolant capacity. Electrical failure early in the run of one electrolytic cell reduced knallgas generation capacity to 2000 amperes. Appendix B is a condensed log of operations; Table 1 summarizes operating conditions for most of the 2500 hrs. Knallgas Concentration
As indicated in Table 1 , knallgas concentration in the stream entering the catalyst bed was about 8 mol. °jo under long term steady-state conditions. A gas sample taken under somewhat the same conditions indicated a concentration of 7.2$.
It was not possible to calculate accurately the knallgas concentration during unsteady-state conditions because the saturated steam pressure was strongly affected by the effective KOH concentration in the boiler section. KOH concentration, as determined by chemical analysis, ranged from 18 to k wt f> -corresponding to a variation in saturated steam pressure of approximately 200 psia.
Concentration of stoichiometric gas was inferred to be little affected by changes in gas generation rate within the capacity of one electrolytic cell, with constant electrical input to the superheater section. See Table 2 and Figure 3° As expected, the resulting increase in temperature difference between hot and cold legs tended to increase the gas flow rate and thereby minimize the increase in knallgas concentration. Control of loop pressure^, flow rate ; , ete.^ was most strongly influenced by the cooler outlet temperature. The optimum range was 2 to 5°C above saturation temperature. Closer approach to saturated steam temperature resulted in a very large increase in boiler heating demand and a rapid increase in cooler duty beyond cooler capacity. Greater than 5°C superheat on the cooler outlet resulted in reduced boiler power demand and air coolant requirements^ as would be expected. However, loop pressure equilibrated at a considerably higher value <, indicating lower gas flow rate and higher knallgas concentration -despite the maintenance of a fixed temperature difference between hot and cold legs.
Examination of Metallurgical Ss
Metallurgical examination of zirconium and titanium alloys, V3Q stainless steel samples exposed to the recombiner environment for 2500-2800 hrs indicated that no single material tested was a suitable substitute for Inconel in all parts of the recombiner system. Earlier tests had indicated that stainless steel was subject to stress corrosion. 
Zirconium
Hydrogen analyses disclosed some hydrogen absorption in all the zirconium materials in all sections of the recombiner loop. Hydrogen pickup was appreciable in the recombiner section, but moderate in the boiler sections, except for the Zr-15 Nb alloy specimens which had been exposed also in another recombiner experiment. Thickness change measurements disclosed that only Zirealoy-2 of all the materials tested did not corrode in any of the sections. It was concluded that iodide zirconium and Zircaloy-2 may be usable in the boiler sections of the recombiner loop, containing caustic.
Titanium
Considerable hydrogen pickup occurred in the titanium materials from all sections of the loop-. The hydrogen absorption was greatest in the boiler liquid section (250 to 67OO ppm) and least in the recombiner section (50 -350 ppm). Pretreatment of titanium A-45 in U0 2 S01j. solution appeared to have little or no retarding effect on hydrogen pickup, for specimens exposed in the recombiner section.
All the titanium materials were corrosively attacked in the boiler section, particularly in the boiler liquid (20 -50 mpy), while corrosion in the recombiner section was nil.
Titanium was concluded to be an unsuitable material of construction for this application.
Modified 430 Stainless St^el
Small amounts of hydrogen were absorbed by the 430 stainless steel in the boiler sections; no significant pickup occurred in the recombiner section (0 to 8 ppm).
Corrosion of 430 stainless steel in the boiler section ranged up to 45 mpy while corrosion in the recombiner section was nil.
Modified 430 stainless steel was rated acceptable as a material of construction for the recombiner section only.
Performance of Inconel as Material of Construction
Precise data on corrosion of Inconel during 25OO hrs operation are lacking. Visual examination of the segmented 2 in. diameter Inconel pipe following the experiment revealed no cracks or obvious defects. All Inconel welds had been stress-relieved at 1150 -1200°F in a helium atmosphere following fabrication..
CONCLUSIONS AND RECOMMENDATIONS
Operation of the natural circulation recombiner for over 2500 hrs established the concept as a workable, relatively trouble-free method for the catalytic recombination of hydrogen and oxygen at high pressure.
Steady-state knallgas concentration at 0.75 scfm recombination rate was about 8.0 mol $>, representing about 20$ reaction per pass. The reason for the low fractional reaction was not established, and a better catalyst might be available. Oxygen in 20 psia excess of stoichiometric gas can be used on the basis of this work to maintain an oxidizing atmosphere. Larger excesses appeared to be detrimentalj smaller excesses were adequate for relatively short periods to take care of corrosion demand for oxygen. Losses to corrosion became important at low concentrations.
Loop pressure, knallgas concentration, and electric heating and air cooling requirements were most strongly influenced by the choice of cooler outlet temperature. A temperature 2 to 5°C above saturation temperature was optimum as a control points Specimens of zirconium and titanium alloys and a modified 430 stainless steel exposed in the system indicated that two zirconium alloys were suitable for boiler fabrication and the 430 stainless steel could be used in the recombiner section. Titanium alloys were unsuitable for either application.
Inconel, from which the loop was fabricated, performed very well. Stress-relief of the assembly was probably an important factor in this application for a high temperature caustic environment.
An extremely slow pressure rise which occurred over a period of several hundred hours operation was not explained. The possibility exists that initial excess oxygen was consumed in corrosion and that the pressure rise was due to a rise in hydrogen-pressure. Alternatively catalyst effectiveness may have decreased slightly.
In order to follow properly the dynamics of the natural circulation system, it is recommended that any future experiment provide a means of determining hydrogen concentration -by direct sampling, or other means.
A method for introducing knallgas to a. test system, which method did not introduce uncertainties in saturation conditions due to high electrolyte concentration, would be desirable. Most conceivable applications of the natural circulation recombiner would not be burdened by the complication of large (varying) boiling point elevations. Boiler level instrument relay, Adjustable limit switchtemperature indicating device (Simplytrol).
Relay in temperature controller, set for 375°C.
Adjustable limit switch on ammeter.
Relay in temperature controller, set for 310°C.
a) Adjustable limit switchtemperature indicating device (Simplytrol).
b) Manually adjustable pressure switch; usual setting 1640 psi. b') Rupture disc (l) rated at 2400 psi. b") Rupture discs (2) rated at 3500 psi. 'A' series--310-hour high-pressure recombiner loop2 plus 'C series exposure. ^Estimated corrosion. Only a fragment of a 0.120 in. specimen remained. 3Severe corrosion caused loss of the specimen.
